In the paper, a numerical and experimental investigations on a prototypal solar chimney system integrated in a south facade of a building is presented. The chimney consists of a converging channel with one vertical wall and one inclined. The numerical analysis is carried out on a three-dimensional model in airflow and the governing equations are given in terms of k-ε turbulence model. The problem is solved by means of the commercial code Ansys-Fluent. The numerical analysis was intended to examine the effect of the solar chimney's stack height and depth. Results are given in terms of wall temperature distributions, air velocity and temperature fields and transversal profiles for a uniform wall heat flux on the vertical wall. Thermal and fluid dynamics behaviors are evaluated in order to have some indications to improve the energy conversion system. Furthermore first results of an experimental investigation on a chimney system 4.0 m high and 1.5 m wide are given. Air velocity in the channel and surface temperature on the heated wall are presented.
INTRODUCTION
Solar chimney is a new method to produce electrical power and have been enhanced in recent two decades. It employs solar radiation to raise temperature of the air and the buoyancy of warm air to accelerate the air stream flowing through the system. By converting thermal energy into the kinetic energy of air movement, solar chimneys have a number of different applications such as ventilation, passive solar heating and cooling of buildings, solar-energy drying, and power generation. Moreover, it can be employed as an energy conversion system from solar to mechanical. A component, such as a turbine or piezoelectric component, set in the path of the air current, converts the kinetic energy of the flowing air into electricity.
Studies about thermal performance of solar chimney, are very important for engineering research. Schlaich [1] in the late 1970s was the first to propose the solar chimney concept. Less than 4 years after he presented his ideas at a conference and then construction of a pilot plant began in Manzanares, Spain, as a result of a joint venture between the German government and a Spanish utility. A 36 kW pilot plant was built, which produced electricity for 7 years, thus proving the efficiency and reliability of this novel technology. The chimney tower was 194.6 m high, and the collector had a radius of 122 m. Haaf [2] and Schlaich et al. [3] reported fundamental investigations, design criteria, and cost analysis for the Spanish system.
The phenomenon of secondary lows in a chimney caused by thermal instability has been much investigated, both numerically and experimentally [4] [5] [6] [7] . Koonsrisuk and Chitsomboon [5] studied five mathematical models proposed in the literature with the numerical results of ANSYS-CFX and revealed that the roof diameter and chimney height are very important geometric dimensions for solar chimney design. Ming et al. [8] carried out steady axisymmetric numerical simulations on the solar chimney and found that the optimum height-to-diameter ratio (hc/dc) of a chimney ranges from 6 to 8. Kashiwa et al. [9] revealed that if hc/dc is not large enough, then the outside wind at the chimney top level have a strong influence on the air updraft inside the chimney. Pasumarthi and Sherif [10, 11] revealed that solar chimney technology is an alternative technology adapted to hot climate areas such as of Florida. They developed a mathematical model to estimate the temperature and power generation of solar chimney power plants. They show that greater power production is feasible by optimizing the collector roof shape and height. For unloaded condition which is the most common case investigated, the researchers [12] [13] [14] [15] developed analytical models to estimate the performance of an SCPP with the assumption of a constant air density in the chimney. Arce et al. [16] carried out an experimental and numerical analysis on a small solar chimney.
Asnaghi and Ladjevardi [17] proposed a solar chimney in central region of Iran. High direct solar radiation in this region is available to develop a solar chimney to produce thermal and electrical energy. Dos Santos Bernardes et al [18] have presented a theoretical analysis of a solar radiat air heater to predict the thermo-hydraulic behavior of the device. This methodology allows a detailed visualization of the effects of geometric of optimal geometric and operational characteristics for such devices. Tan and Wong [19] studied the effect of the solar chimney's stack height, width and inlet position on the interior performance. Pretorius and Kroger [20] have evaluated the influence of convective heat transfer equation, more accurate turbine inlet loss coefficient, quality collector roof glass and various types of soil on the performance of a large scale solar chimney power plant. Tahar and Mahfoud [21] carried out a numerical study of natural convection in a solar chimney. They have examined the effect of the system geometry on the natural convection phenomenon in the solar chimney. Zhou et al. [22] have built a pilot experimental solar chimney power with an air collector 10 m in diameter and an 8 m tall. Koonsrisuk in another work [23] studied sloped solar chimney system. The sloped collector was like a chimney, then the chimney height can be reduced and the construction cost would be reduced. Weinrebe et al. [25] have developed an analysis for the solar chimneys with analytical and numerical model, which described the performance of solar chimneys. The model developed to estimate power output of solar chimneys and the effect of ambient conditions and structural dimensions on the power output. Hami et al. [26] carried out a numerical analysis for air flow simulation in the solar chimney. Ong [26] have developed a mathematical model of a solar chimney. The physical model is similar to the Trombe wall. Guo et al. [27] have proposed a three-dimensional numerical approach incorporating the radiation solar load and turbine models to investigate their effects on system performance.
Sangi et al [28] have conducted a more detailed numerical analysis of a solar chimney power plant. Numerical simulations were performed for the geometry of the prototype in Manzanares. Patel et al. [29] carried out a numerical analysis on solar chimney to optimize the geometry of the major components of a SCPP. The collectors were tested with chimneys of different divergence angles and also different chimney inlet openings. The results show that the best configuration have achieved using the chimney with a divergence angle of 2°. Petela [30] have studied asimplified model of solar chimney power plant. He have studied responsive trends to the varying input parameters. Buonomo et al. [31] carried out a numerical investigation on a prototypal solar chimney system integrated in a south facade of a building. The chimney consisted of a converging channel with one vertical wall and one inclined of 2°. The analysis was carried out on a 3-D model in airflow and the governing equations are given in terms of k-ε turbulence model. Xu et al. [32] carried out a numerical investigation to study a solar chimney with 2 km radius and 1 km height. More recently Buonomo et al. [33] carried out a numerical investigation on a prototypal solar chimney system 50.0 m high integrated in a south facade of a building. The numerical analysis was intended to examine the effect of the glass wall inclination of the solar chimney. Thermal and fluid dynamics behaviors were evaluated in order to have some indications to improve the energy efficiency of the system.
In the present paper, a numerical and experimental investigations on a prototypal solar chimney system integrated in a south facade of a building is presented. The chimney consists of a converging channel with one vertical wall and one inclined. The numerical analysis is carried out on a three-dimensional model in airflow and the governing equations are given in terms of k-ε turbulence model. Results are given in terms of wall temperature distributions, air velocity and temperature fields and transversal profiles for a uniform wall heat flux on the vertical wall. Furthermore first results of an experimental investigation on a chimney system 4.0 m high and 1.5 m wide are given. Air velocity in the channel and surface temperature on the heated wall are presented.
MATHEMATICAL DESCRIPTION
The investigated configuration is reported in Fig.1 . It consists of a channel constituted by a vertical wall of height L, on which is imposed a uniform heat flux, and by a glass wall, that is inclined to the vertical at an angle . The inlet and the outlet section are bmax and bmin respectively, while the depth is equal to W. H is the distance of the inlet chimney section from the ground. Numerical values of the considered geometry are with reference to Fig Steady, turbulent, three-dimensional natural convection flow are considered in a solar chimney. All thermo-physical fluid properties are assumed invariant except for the density in the buoyancy force term that can be adequately modeled by the Boussinesq approximation. The thermo-physical properties of the air are evaluated at the ambient temperature, T0, which is assumed to be 300 K in all cases. The ambient is assumed to be a black body at the temperature of 300 K. The compression work and viscous dissipation are assumed negligibly small. Thus, the governing equations can be written as:
With  the viscous stress tensor.
In the present work the k-ε model proposed by Launder and Spalding [34] is considered. The turbulent dynamic viscosity
is calculated from the knowledge of the kinetic energy of turbulence, k, and turbulent kinetic energy dissipation rate, ,
given from the following equations: 
The near-wall option employed in this investigation is the Standard Wall Functions proposed by Launder and Spalding [34] .
NUMERICAL PROCEDURE
Ansys-Fluent [35] is selected as the computational software to solve the physical model as in [33, [36] [37] [38] . The computational domain has an external reservoir (at the inlet section) in order to simulate the diffusions of momentum and energy that occur outside the channel, as suggested by studies on vertical converging channels [39] . Mainly were imposed conditions of no-slip and impermeability to the rigid walls, in addition to the specified wall heat flux. Ambient conditions were assumed at the inlet and outlet sections (ambient pressure and temperature). The operating temperature was set equal to 300 K; the acceleration of gravity was considered, and its value was set equal to 9.81 m/s 2 . All the non-heated surfaces were considered adiabatic whereas a uniform heat flux of 300 W/m 2 on the heated surface was considered.
The second-order upwind scheme was chosen for unsteady energy and momentum equations. The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) scheme was chosen to couple pressure and velocity. Similar considerations were made for the choice of the discrete transfer radiation model (DTRM), assuming all surfaces to be diffuse [35, 40] . This means that the reflection of incident radiation at the surface is isotropic with respect to the solid angle. Therefore, the scattering effect is not taken into account. The equation for the exchange of radiation intensity of DTRM, dI, along path dscan be written as:
Where:  is the absorption coefficient of the gas; I is the total radiation intensity that depends on the position (r) and the direction (s); T is the local temperature of the gas; σ is the Stefan-Boltzmann constant, 5.672· 10 -8 W/ (m 2 · K 4 ). It is assumed that the refractive index is unitary.
The DTRM integrates the equation (6) along a set of rays that leave the outer walls. Mainly the number of rays traced and the computational grid limit the model's accuracy. It was realized, however, an analysis in order to make a weighted choice of the number of divisions of the solid angle, as required by the chosen radiation model (DTRM). The goal was to achieve a compromise between the two requirements, reliability of the results and containment of calculation time.
Configurations with 33, 66 and 99 subdivisions of polar and azimuthal angles were considered to evaluate the discretization effect on the radiative heat transfer. Cases with 6 and 9 divisions gave almost the same results. Given the size of the file tracking, we opted for the model with 6 divisions which involves a greater speed in the reading of the same file and a reduction in computation time. Computation starts with zero values of the velocity components and with pressure and temperature values equal to the ambient ones. Convergence criteria of 10 -6 and 10 -8 for the residuals of the velocity components and energy were assumed. The sensitivity analysis of the grid was reported in Buonomo et al. [31] .
EXPERIMENTAL APPARATUS
The experimental apparatus was built in order to allow a considerable flexibility. The distance "I" shown in Fig. 2 can be adjusted from 10 cm until to 65 cm. The tilted glass wall can be inclined of an angle α, up to be in contact with the heated wall. The uniform distribution of the temperature has been obtained by means of two independent systems: 1) a condensing GPL boiler with a nominal power of 25 kW; 2) eight resistors of 220 Volt, with nominal power of 2 kW each. The fluid circulating in a number of tubes is water. The pumping power has been achieved by a centrifugal pump of 2 kW. The heat losses have been reduced by a panel of polyurethane foam, 7 cm thick located on the back of the system. It is possible to vary the geometry of the channel and the wall temperature, Fig.3 . To regulate the temperature of the heat transfer fluid there is a boiler thermostat and a resistor thermostat. It is also possible to vary the water flow with a lamination valve. The hot fluid slide the wall from top to bottom so as to obtain the thermal uniformity. Figure 4 shows some pictures of the prototype of solar chimney designed e investigated in this work. 
Data acquisition
To control the parameters of interest, the plant has been equipped with appropriate tools; in particular, wall and ambient temperature were measured by means of type "J" thermocouples (Cu-Ni, sensitivity average of 52μV/°C, accuracy +/-0.1°C). To determine that there wasa uniform wall temperature, nine thermocouples have been checked to the following order (in the middle of the heated wall): y=0, 25, 50, 100, 150, 200, 250, 300, 350 cm.
The ambient temperature has been measured near the test section, in an unperturbed zone. To evaluate the velocity in the channel, an anemometer Delta Ohm -HD 29V371TC25 has been used. The probe has a temperature and relative humidity sensor. The accuracy is +/-2% of full scale (in the range 0m/s -2m/s). The sensor has been placed in the channel 50 cm from the top edge. Agilent 34972A is the acquisition system. 
Numerical results
The analysis was carried out by varying the thickness of the outlet section and keeping constant the inclination of the transparent wall, equal to 2° to the vertical. Figure 5 shows the temperature fields of the heated wall for different spacing of the chimney. The wall temperature increases from the bottom upwards due to the progressive heating of the air in the channel. Furthermore, it can be seen also that the temperature assumes a uniform value downstream the middle of channel height. We can observe how the wall temperatures decrease with increasing spacing of the channel. effect of the edge. Velocity profiles at outlet section of the channel is presented in Fig. 7 . Velocities have very similar trends for different configurations. Decreasing the spacing of the channel, however, an increase in velocity. Table 1 compares main thermo-fluid dynamics parameters for the investigated configurations. 
Experimental results
Experimental investigations have been performed in order to validate the numerical model. Results are presented in terms of surface temperature and air velocity in function of time. The investigated configurations are reported in Table 2 , where the surface values at the inlet and outlet section are also reported. The configurations differ for the value of maximum channel gap attained in the inlet section whereas the inclination angle of the glass plate is 2° in all configuration. The increment of the temperature of the heated wall respect the ambient temperature is 40°C, value equal to the average temperature in the numerical investigation.
Configuration 1 Fig. 8 shows the story of surface temperatures of the heated wall, maximum air velocity in the section at 50 cm from the outlet section and average air velocity adjacent the heated wall at the channel exit. Figure 8 shows that the surface temperature of the heated wall becomes constant after 70 minutes. Since the motion is turbulent velocity presents irregular fluctuations as shown in Fig. 8a . However, the average air velocity increases with temperature. In the Fig. 8b is evident this behavior of the air velocity. The air velocity values have been averaged in function of the time each 65 min and becomes constant at nearly the same time at which wall temperature becomes constant. Fig. 9 shows the history of the temperature of heated wall and air velocity adjacent the heated wall with a time step of 0.5 s. The oscillations of temperature and velocity values due to turbulence are clear. The right line is the average temperature and velocity. Fig. 9a shows that the values of temperatures are stable, while Fig. 9b shows the value of the air velocity fluctuates around the value of 0.96 m/s. At the output section the maximum value is 1.1 m/s.
Configuration 2
Similarly to previous configuration, Fig. 10 shows the average temperatures profile of the wall and the air velocity in the channel, as a function of time for Configuration 2 with bmax=0.34m. It worth noticing that this configuration is characterized by a value of 0.20 m of bmin equal to that of the numerical investigation. Finally, the average maximum air velocity valuesin the section at 50 cm from the outlet os a function of the maximum channel gap is reported in Fig. 14. As the channel increases the values of maximum air velocity decreases because the channel volume increase.
CONCLUSIONS
A numerical and experimental investigation on natural convection in air in a convergent chimney was carried out. Results of numerical investigation are given in terms of wall temperature distributions and air velocity at the exit section for an uniform wall heat flux on the vertical wall whereas the experiments were carried out for a uniform temperature of the heated wall and for different channel spacing. Results of numerical investigation are in good agreement with results from experiments. Analysis of the results showed that the characteristic thermo-fluid dynamic parameters of the phenomenon are strictly dependent on the chimney geometry. The solar chimney spacing have a considerable influence on the air speed inside the duct. Reducing channel spacing a velocity increase is obtained. If the aim of the solar chimney is the conversion from solar to mechanical energy higher velocity values are worthwhile so lower values of channel gap are better. 
